Zoomed-in views of the regions denoted by colored squares (black, red and blue) are given on the right. The CPD lesion and BHD2 hairpin loop (Gly 518 to Glu 525) are not resolved in the crystal structure, and hence are represented by red and orange dashed lines. The overall structure is shown in cartoon, the side chain heavy atoms (providing van der Waals interactions) of Phe 599, Phe 597, Phe 556, Val 594, Arg 601, Pro 607, and Met 498 are in spheres, side chain heavy atoms (providing electrostatic interactions) of Arg 494, Glu 495, Asn 554, Asn 558 and Lys 606 are in sticks, and the heavy atoms of the nucleotides flanking the lesion site and of the partner nucleotides are in sticks. The TGD domain is yellow, BHD1 is blue, BHD2 is orange, BHD3 is dark green, and the DNA is light gray. The residues shown in spheres or sticks are also color-coded by atom type, with carbon in the same color as the domain, nitrogen in blue, phosphorus in orange, oxygen in red, and sulfur in yellow. Details of the opened lesion site, the binding pockets for flipped partner T bases, and the inserted BHD3 hairpin are shown in zoomed-in views from the minor groove side. Phe 599, Phe 597, and Phe 556 are essential for stabilizing the productive open complex by providing stacking interactions at the BHD3 hairpin insertion site and in the binding pockets for the flipped out partner T bases. Arg 494 and Glu 495 hydrogen bond with the DNA backbone phosphate oxygens of the partner strand (shown in dashed black lines), which forms the binding pocket for the 5'-side partner T together with Phe 597 and Met 498. Arg 601 stabilizes the base flanking the opened lesion site on the 5' side of the lesioned strand (providing van der Waals interactions via its aliphatic portion). Lys 606 forms a hydrogen bond with the major groove side of the base flanking the opened lesion site on the 3' side of the partner strand (shown in dashed black lines). Asn 554 and Asn 558 hydrogen bond to the 3'-side partner T, which forms the binding pocket for this base together with Phe 597, Phe 556, Val 594 and Pro 607. Figure 1D in the main text, and the heavy atoms used to define the COMs are shown in spheres. (A) Reaction coordinate 1 (RC1) that guides the BHD3 β-hairpin tip to insert into the helix at the lesion site. The reaction coordinate is defined as the distance between the COM for sugar ring heavy atoms of the nucleotides flanking the opened DNA nucleotide steps upon productive binding (gray spheres) and of the polypeptide backbone atoms of the three amino acids (Ser 603, Thr 604, and Val 605) at the insertion leading edge of the BHD3 β-hairpin (green spheres). (B) Reaction coordinate 2 (RC2) that guides G 7 to insert into its binding pocket in BHD3. The reaction coordinate is defined as the distance between the COM for the heavy atoms of the G 7 base (cyan spheres) and of the polypeptide backbone atoms of the amino acids lining the bottom of the G 7 binding pocket (Asn 554, Asn 558, Glu 560, Val 594 and Pro 607) (green spheres). (C) Reaction coordinate 3 (RC3) that guides the B[a]P rings to extrude into the minor groove. The reaction coordinate is defined as the distance between the COM of dT 6 :dA 6 and dC 9 :dG 9 sugar ring heavy atoms (the nucleotides flanking the opened lesion site upon productive binding, gray spheres) and of the B[a]P benzylic ring heavy atoms (red spheres). (D) Reaction coordinate 4 (RC4) that guides G 7 to flip out of the helix. The reaction coordinate is defined as the distance between the COM for the Watson-Crick hydrogen bonding edge heavy atoms (C6, O6, N1, C2, and N2) of G 7 (cyan spheres) and of the sugar ring heavy atoms of the nucleotides dC 7 :dG 7 (gray spheres). For the preferred tightly coupled pathway, a generalized distance reaction coordinate, shown in the figure, was used for guiding the structural changes from the First Capture State (32.1 Å, FigureFigure (A) The raw pairwise RMS distance matrices for the Rad4 -cis-B[a]P-dG-containing DNA complex. D1 is the RMS distance for the polypeptide backbone atoms of the Rad4 without the hairpin loops of the beta-hairpin domains. D2 is the RMS distance for heavy atoms of the 6-mer around the lesion site (G 5 :C 5 and T 10 :A 10 , Figure 1 of the main text). D3 is the RMS distance for polypeptide backbone atoms of the BHD3 hairpin (Phe 590 to Ala 615). D4 is the RMS distance for polypeptide backbone atoms of the BHD2 hairpin (Lys 511 to Tyr 532). Cutoff is set at 2.5 Å to reveal the clustering based on each of these four distance matrices. (B) The pairwise reweighted distance matrix for clustering of the structural ensembles. In order to give equal weight to the conformational changes for different parts of the complex, the raw RMS distances were reweighted using the equation shown in the figure. The clustering cutoff was set at 0.5. The structure of the complex achieves a stable ensemble after 300 ns: this is the ensemble for the First Capture State ( Figure S5 ). (A) Achieving the First Capture State from the initial model (IM). Five representative snapshots are taken from the 600 ns trajectory to illustrate how the BHD2 hairpin inserts into the minor groove 3' to the lesion site and how the flipped partner C is captured by the approaching BHD3 domain and Arg 494 of the BHD2 domain. The structures are rendered as in Figure 1D of the main text, with the DNA also shown in surface. The phosphate groups along the DNA backbone around the lesion site and the B[a]P benzylic hydroxyl group at C9 are color-coded: the phosphate group between A 6 and G 7 is dark blue, the phosphate group between G 7 and C 8 is marine, the phosphate group between C 8 and G 9 is pale cyan, the phosphate group between G 11 and T 10 is light pink, the phosphate group between T 10 and C 9 is hot pink, and the B[a]P benzylic hydroxyl group at C9 atom is purple. The time dependence values for the distances between the Lys 521 amino nitrogen atom and Center of Mass (COM) for each phosphate group or the benzylic hydroxyl group (Lys 521 -DNA backbone phosphate/lesion distance) are color coded accordingly, and show the steps that Lys 521 takes to guide the BHD2 hairpin insertion into the minor groove. The BHD2 -minor groove distance is measured as the distance between the COM of Val 517 and Thr 518 polypeptide backbone atoms and that of the sugar ring heavy atoms of dC 9 :dG 9 . BHD3 -TGD distance is the distance between the COM of the BHD3 domain polypeptide backbone atoms and that of the TGD domain polypeptide backbone atoms. The BHD3 hairpin tip -center of hairpin insertion site distance is defined the same as Reaction Coordinate 1 in Figure S2 . The B[a]P -partner C distance is defined as the COM of the aromatic ring B (circled in black dashed lines) heavy atoms and that of the dC 8 (Table S2) . Although the BHD3 domain does not have extensive interactions with the local lesion-containing region in this state, its β-hairpin is anchored on the major groove side by the stacking of Phe 599 with the pre-flipped partner base C 8 , the hydrogen bond between S603 and dG 7 backbone phosphate oxygen, and the hydrogen bonds of Arg 601 with the major groove side of A 4 , G 5 , and A 6 bases (Table S2) . Hydrogen bond occupancies, distances and angles are given in Table S2 , which also presents criteria for hydrogen bonding. Figure 2 of the main text. The amino acids, DNA bases and DNA backbone phosphate groups that form hydrogen bonds are also shown in sticks, and the amino acid side chains that provide van der Waals interactions with DNA are shown in spheres. These amino acids and DNA residues are color coded by atom type as in Figure 2 of the main text. Hydrogen bond occupancies, distances and angles are given in Table S2 , which also presents criteria for hydrogen bonding. Black dashed lines with distances indicated are electrostatic interactions that are not with in hydrogen bonding distances. Table S1. DNA distortions of the 6-mer sequence between G 5 :C 5 and T 10 3.0 153 a. Criteria for hydrogen bond formation: donor-acceptor distance < 3.5 Å and donorhydrogen-acceptor angle > 135 ˚. b. The acceptor, donor hydrogen and donor atoms for each hydrogen bond are labeled as "residue name@atom name".
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Molecular modeling and structure preparation
The initial model. Previously we obtained an MD equilibrated initial model (termed 'docking complex') for Rad4 with a CPD containing DNA duplex (Figure 4 of the main text), which represented the state of XPC translocated to the damage but prior to initial binding by the BHD2 and BHD3 domains. In brief, an apo Rad4 model, based on the crystal structure of apo Rad4 (PDB ID: 2QSF), was docked on to the damaged DNA with its TGD and BHD1 domains positioned as in the crystal structure of the productive open complex (PDB ID: 2QSG). Figure 1A of the main text). 4 We first performed 250 ns of MD simulation for the NMR solution structure and selected the most representative structure from the ensemble to replace the 5-mer sequence around the CPD. 5 We extended the 5-mer sequence for five base pairs to the 5'-side of the lesioned strand (base pairs 1-5 in Figure 1C of the main text) using standard B-DNA in Discovery Studio 2.5 (Accelrys Software Inc.); the side chain of Arg 601 at the BHD3 β-hairpin tip was adjusted to avoid collision with the DNA, and the phenyl ring of Phe 599, the first residue along the 'flipping path' for the partner bases, was rotated toward the pre-flipped partner C to facilitate initial binding.
Protonation. The protonation states of charged residues were determined by the H++ and pdb2pqr methods. 6, 7 When the two methods disagreed, protonation states were assigned based on the following criteria: the potential H-bonding network, solvent exposure of the ionizable residues, potential steric clashes if the proton was added, and preservation of the crystal structure. The results are given in Mu et al.. 8 Water box and counterions. The protein-DNA complex was neutralized with Na+ counterions and solvated with explicit TIP3P water in a cubic periodic box with side length of 125.0 Å using the tLEAP module of the AMBER14 suite of programs.
9, 10
Force field and MD simulation protocols All MD simulations were carried out using the AMBER14 suite of programs. 10 We used the ff14SB force field for all MD simulations. 11 Partial charges and parameters for the cis-B[a]P-dG lesion were obtained from Mocquet et al.. 12 The Particle-Mesh Ewald method with 9.0 Å cutoff for the non-bounded interactions was used in the energy minimizations and MD simulations. Minimizations were carried out in three stages. 13 First, 500 steps of steepest descent minimization followed by 500 cycles of conjugate gradient minimization were conducted on the water molecules and counterions with a restraint force constant of 50 kcal/(molÅ 2 ) on the solute molecules (DNA or DNA and protein complex). Then, 500 steps of steepest descent minimization followed by 500 cycles of conjugate gradient minimization were carried out on the water molecules and counterions with a restraint force constant of 10 kcal/(molÅ 2 ) on the solute molecules. In the last round, 500 steps of steepest descent minimization followed by 500 cycles of conjugate gradient minimization were carried out on the whole system without restraints. The minimized structure was then subjected to three rounds of equilibration. First, each system was equilibrated at constant temperature of 10K for 30ps with the solute molecules fixed with a restraint force constant of 25 kcal/(molÅ 2 ). Then the system was heated from 10 K to 300 K over 30 ps with the solute molecules fixed with a restraint force constant of 10 kcal/(molÅ 2 ) at constant volume. In the last round of equilibration, the restraint force constant on the solute was reduced through three steps: at 10 kcal/(molÅ 2 ) for 30 ps, at 1 kcal/(molÅ 2 ) for 40 ps, then at 0.1 kcal/(molÅ 2 ) for 50 ps with constant pressure at 300K. Following equilibration, production MD simulations for each system were carried out in an NPT ensemble at 300K and constant pressure of 1 Atm. The temperature was controlled with a Langevin thermostat with a 5 ps -1 collision frequency.
14 The pressure was maintained with the Berendsen coupling method. 15 For all unrestrained MDs, the production MDs were carried out with 1 kcal/(molÅ 2 ) restraints on the distances between each pair of hydrogen bonded heavy atoms at the end base pairs, but not on any other residues of the complex. Details of the restrained MDs are given below. A 2.0 fs time step and the SHAKE algorithm were applied in all MD simulations. 16 
Umbrella sampling and free energy calculation
The steps of our explorations of Rad4 binding pathways are summarized in Figure S3A . Structural changes were directed from the First Capture State ( Figure S5) toward the productive open complex using MD simulations with restraints along the selected reaction coordinates (Figures S2, S3A and S3B) in small steps (umbrella windows). The reaction coordinates were designed to guide partner bases to insert into their binding pockets, the BHD3 β-hairpin to insert into the DNA helix at the lesion site, and the B[a]P to extrude into the minor groove, in order to achieve the productive open complex (Figures S2 and S3C ).
Since the positioning of the cis-B[a]P-dG lesion for the productive binding complex is unknown, we initially explored the binding pathway with many different sequences of structural events, such as flipping partner base G 7 , inserting partner bases into their pockets, and inserting the BHD3 β-hairpin into the DNA helix; however there were no restraints on the cis-B[a]P-dG lesion's position (Figures S3). During this exploration, the final productive binding state was obtained through unrestrained MDs from the high energy transition state, revealing that the B[a]P ring system is extruded into the minor groove in the productive binding state ( Figure S3C ), but that stepwise pathways were not energetically feasible. Therefore, we designed a generalized distance reaction coordinate to explore the binding pathway with tightly coupled partner G 7 flipping, G 7 insertion into its binding pocket, BHD3 β-hairpin insertion and B[a]P rings extrusion ( Figure S2 ).
For each step along the explored stepwise binding pathway, a center of mass (COM) distance reaction coordinate was defined ( Figure S3 ). For the tightly coupled binding pathway, a generalized distance reaction coordinate was defined with four COM distances ( Figure S2 ). To generate initial structures for sampling each window, we carried out 200 -500 ps MD simulations with restraint force constant in the range of 10-100 kcal/(mol × Å 2 ) along the reaction coordinate through continuous umbrella windows at 0.2-1.0 Å intervals. Then we carried out the sampling for each window using 60 ns MD simulation starting from the initial structure of each window; restraint force constants in the range of 1-10 kcal/(mol × Å 2 ) along the reaction coordinate were used to ensure sufficient overlap between windows. The free energy profiles were calculated using vFEP, with reaction coordinate data collected every 1 ps from the 30 -60 ns ensemble of the sampling MD simulations.
17
Structural analyses
The First Capture State was obtained through unrestrained MD simulation started from the initial model ( Figures S4-S6 and Figure 1B of the main text). The trajectory was clustered using a combined parameter (Figure S4 ), which weighs the structural change of the Rad4, lesioncontaining 6-mer sequence (G 5 :C 5 and T 10 :A 10 ), the BHD2 β-hairpin, and the BHD3 β-hairpin equally. A stable cluster was obtained from the 300 ns to 600 ns trajectory and was defined as the First Capture State ensemble ( Figure S5 ). The structural properties of each umbrella sampling window along the preferred binding pathway were obtained from the structural ensemble of the 30 ns to 60 ns trajectory. The best representative structure is defined as the one frame that has the shortest distance (the combined parameter, Figure S4 ) to all other frames in each ensemble. The structural properties were calculated using the cpptraj module of AMBER14, Curves+ and MATLAB 7.10.0 (The MathWorks, Inc.), and plotted using MATLAB 7.10.0 (The MathWorks, Inc.).
3, 10 All molecular structures were rendered using PyMOL 1.3.x (Schroddinger, LLC.). 
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